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MOTIVATION [irs1f

* Commercial supersonic flight
banned over the US because of
objectionable sonic boom

* Hope to overturn this with

demonstrably quiet aircraft (e.g.
@S

* CFD tools are a major
contributor to design efforts

Sonic Boom Prediction Workshops
(20081 INASATEA RS s
. (2014) AIAA SBPW |

I el e = (2017) AIAA SBPW2
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SONIC BOOM PHYSICS
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OUTLINE
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mulation results are presented for all test cases prescribed in the Second ATAA Sonic
om Prediction Workshop. For each of the four nearfleld test cases, we compute pressure
natures at specified distances and off-track angles, using an inviscid, embedded-boundary
Cartesian-mesh flow solver with output-based mesh adaptation. The cases range in com-
plexity from an axisymmetric body to a full low-boom sircraft configuration with a powered
nacelle. For efficiency, boom carpets are decomposed into sets of independent meshes and
computed in parallel. This also facilitates the use of more effective meshing strategies
each off-track angle is computed on & mesh with good szimuthal slignment, higher as-
pect ratio cells, and more tailored adaptation. The nearfield signatures generally exhibit

[ )

. good convergence with mesh refinement. We introduce a local error estimation procedure
to highlight regions of the signatures most sensitive to mesh refinement. Results are also
presented for the two propagation test cases, which investigate the effects of atmopsheric
profiles on ground noise. Propagation is handled with an augmented Burgers' equation

method (NASA's sBOOM), and ground noise metrics are computed with LCASB.

. ropagation Workshop

Nomenclature

‘© area ® Off-track /Azimuthal angle

pitching moment coc

cripts
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1 ’ hted sound exposure level
r AXIE  Axisymmetric body (Case I)
T mmetrie body (Prop. Case |
w D with flow-through nacelle (Case
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u Lockheed Martin 1
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sBPW  Sonic Boom Predic

Enginee
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ALL REQUIRED AND OPTIONAL
CASES FROM BOTH WORKSHOPS
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OUTLINE

* Propagation Workshop

e Conclusions




NEARFIELD CASES

v

t\

C25F

JWB

AXIE ALL CASES:

MacH | 6
|5.76 km altitude

SUBMITTED:
» All 4 cases, all azimuths, 3 mesh refinement levels
» Propagated signals and loudness metrics
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CFD AND MESHING

Flow Solver — Cart3D v|.5 9

>

>

>

>

Automatic Meshing

>

>

Steady, inviscid flow \
2nd-order upwind method
Multigrid acceleration

Domain decomposition — highly scalable

Multilevel Cartesian mesh with embedded boundaries v
Handles arbitrarily complex vehicle shapes ‘

Goal-Oriented Mesh Adaptation

>

>

Mesh automatically refined in locations with most impact on signatures
Discretization error estimates computed via adjoint method

GRA
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AXIE

in flux function

N Avoids "sonic glitch”

+0.5°

MESHING

10N

» Stretch in the principal propagation direct
» Adapt mesh to resolve line sensor outputs

Basic Meshing Approach:

dl

2

JT:/Owa)(
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ADAPTATION

Adapt mesh locally to accurately XU = XY
compute off-body signatures

(adjoint-weighted residuals)

9

5 JUNE 2017 ‘
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MESH CONVERGENCE GUIDELINES

) ¢¢

Submit “coarse”, “medium”, o
“fine” mesh solutions

4

>

Quantitative guideline: 0.002
Asymptotic convergence of

pressure functionals 5
0

Qualitative guidelines:
Consistent signal features over/
-0.002

consecutive meshes

-0.004
0

—— Coarse (3M)
—— Medium (9M)
—— Fine (26M)
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AXIE — SIGNALS
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Flisht path
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OFF- T RACK SIGNATURES

@ = off-track angle
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OFF-TRACK SIGNATURES [irs1f

» Straightforward approach — compute all
sensors with a single mesh

HENEISEEE »  With Cartesian-aligned grids, off-track
25 angles are misaligned, constraining aspect
o oy ratio and leading to high cell-counts.
N
s o 2014
aircraft

@ = off-track angle
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MESH SPLITTING

Use independent meshes,

each rotated to off- trac|< angle Mesh 3l
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MESH SPLITTING [irs1f

» Azimuthal alignment improves quality/cost and permits higher stretching
» (Can run off-track angles in parallel — 6 compute nodes
» Scriptable [new Cart3D scripts available]

symmetry

On-tracl
1 - 11 Wil AN\

Mesh 6
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JAXA WING-BODY (JWB)

Mach 1.6
o= 2067
Computed CL = 0.077



P B e L O o e e (&

6 Adapted Meshes

»  30-33M cells each

» Solved in parallel on six 28-core
Broadwell nodes

»  2hr30min wall-clock time (flow solution + all
meshing, adjoint solutions, error estimation, etc.)

— \ N\ —————

N\ \
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JIWB — FINE MESH SIGNATURES

0.006

0.003

-0.003

dp/p

-0.006

-0.009

-0.012

-0.015
0

Mesh-sensitive
(see paper)

10 20 30 40 50 60
Distance Along Sensor

Each off-track angle — 30-33M cells — 2hr 30min on 28 cores

Includes flow solution + all meshing, adjoint solutions, error estimation, etc.

GRA‘

CART3D SIMULATIONS FOR THE 2ND AIAA SONIC BOOM PREDICTION WORKSHOP ‘ 5 JUNE 2017 ‘ 18



CONCEPT 25D

(Government Reference Vehicle!) Re-contoured fuselage
and tail bulb
“f C25F casp €

=

"

Plug nozzle/‘

Mach 1.6
o = 3.3/5°
Computed CL = 0.068
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C25p

Inlet Conditions

L alon

Poo

Plenum Conditions
oo A

Poo

T

=
T







CJ5E

On-track solution
EOM cells)

s

Plume is more expensive

» Vehicle is effectively longer
» Plume evolves with mesh

Each off-track angle — 35M cells — 4hr 30min on 28 cores
Includes flow solution + all meshing, adjoint solutions, error estimation, etc.

22



P —— SIGNATURES

0.006
0.004
0.002
0 I
o . — -
& rIL=25
e fine meshes (34-36M cells)
— ¢=0°
-0.004 -
— $=20°
-0.006 — (I) — 400
-0.008
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L OCAL ERROR ANALYSIS

Local error estimates via extrapolation
See AIAA Paper 2017-3255 for details

0.006 |
Fine mesh solution Error Estimates
] j High confidence

0.003 Medium confidence
o
3_ 0
<

-0.003

G0 04 06 08 1 o0
T C25P (r/L=5, P =0°)
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OUTLINE

v Nearfield Workshop
»  Propagation Workshop — sBOOM
- Numerical approach

- Propagation Results:
- Nearfield workshop signatures

- Propagation workshop signatures

GRA CART3D SIMULATIONS FOR THE 2ND AIAA SONIC BOOM PREDICTION WORKSHOP 5 JUNE 2017 25



o
T T D= e -

-0.005

-0.01|-

)~ e
223m from  \ \ _——
flight path

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

O T ey - ) 0 B -y O R T ey oy ey

Overpressure (psf)

PLdB [R:ici2mcrival 91.1

30

32 340 360 380

sBOOM

Ray-tracing

2. Quasi-1D, augmented Burgers' equation

0.5]"

Distance (m)

—_— 0 =0°
—_—=30° |
6= —30°]

N

55000
50000
45000
40000

— 135000
130000
1 | 2¥ooo
1120000

15000

1| 10000

5000

Ay,

| A\
o \
- Ground

0700 150

1

“200“ ‘ 250“ “300“ “3

Time (ms)

+30°

O -30°

50

LCASB

(201 1) Rallabhandi, “Advanced Sonic Boom Prediction
Using the Augmented Burgers Equation” |. Aircraft

(1991) Shepherd & Sullivan, “A Loudness Calculation

Procedure Applied to Shaped Sonic Booms™
e Sttt

GRA‘
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» Discretization error
Finite difference solution of PDE on
uniform grid

o0
_O
O

oo
=)
oo

o0
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» Input error
Input ~ 100X coarser than output
Oversampling introduces high freg.

0
=)
@)

%
N
~

» Mesh refinement studies
Numerical sources of error ~0.1dB
(cf. atmospheric variability of ~5 dB)
But not clearly asymptotic 0.1

adloud Reported Loudness PLdB

0 10 20 30 40 50 60 70 80 90 10(
Thousands of points
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NEARFIELD + PROPAGATION

Perceived loudness (PLdB)
from r/L=5 on fine CFD mesh

Case | & =0° b = 10° b = 20° o = 30° b = 40° d = 50°
AXIE | 78.1 — — — — ——
TR
JWB 79.5 76.5 78.2 82.2 81.6 76.6
C25F | 78.1 80.4 80.1 82.2 80.1 73.3
_C25P 80.4 81.3 78.3 ( 81.4 78.7 73.3
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CFD MESH CONVERGENCE OF LOUDNESS

Perceived loudness (PLdB)
from r/L=5 on fine CFD mesh

A A PLdB from coarse
V¥ to fine CFD mesh

Case | & =0° ® = 10° ® = 20° ¢ = 30° e =51

SRSl (v0.,)  — o — o —

JWB | 79.5 (v0.6) 76.5 (v0.7) 78.2(v0.4) 82.2(vi5) 81.6(v0.1) 76.6 (A0.5)

C25F | 78.1 (a0.8) 80.4 (a0.6) 80.1 (vo.1) 82.2 (a0.8) 80.1 (a0.6) 73.3 (0.0)
_C25P 80.4 (vo.5) 81.3 (v0.5) 78.3 (v0.3) 81.4 (vo.6) 78.7 (v0.4) 73.3 G

» Typically <1 dB change from coarse to fine CFD mesh (max |.6 dB)
» But — do not demonstrate asymptotic convergence.

GRA
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PROPAGATION WORKSHOP CASES

LM-| 02I

Lref = 43m (141 ft)

Wind tunnel model

Conditions: Conditions: from SBPWI (2014)
Mo = | .6 Moo = [ 4 Lref = 71m (233 ft)

Altitude = 15.8 km (~52K ft) Altrtude = [i6./ kil Soi i)

Profiles: Profiles:
SO Standard Atmosphere  ISO Standard Atmosphere
ISO Std. Atm. with 70% humidity + |1SO Std. Atm. with 70% humidity

Hot day, coastal Virginia * 2 consecutive winter days In
Hot dry day, Edwards AFB Green Bay, WI

GRA CART3D SIMULATIONS FOR THE 2ND AIAA SONIC BOOM PREDICTION WORKSHOP 5 JUNE 2017 30



BOOM FOOTPRINT

AXIE Oltilent lzle ailileligl ILM=1021  Cutoff  Track Width

Std. Atm +50° 69 km Std. Atm +50° /1 km

Atm#3 -b53° 50° 85 km Atm#1 |=74°| 57°| 87 km

Atm # 4 -44° 47° 72 km Atm#2 |-59°| 65°| 111 km
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L OUDNESS

LM-1021

PLdB
o Atm #3 e Std. Atm O Atm#1 O Std. Atm
o Atm #4 e Std. Atm+/70%RH O Atm #2 O Std. Atim+70%RH
— 93

91
89
87

.

83
-30° ¢ =0° +30°
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HIGHLIGHTS

Nearfield with Cart3D

» Improved efficiency — off-track angles on
parallel meshes, azimuthal alignment, stretching

[new scripts for Cart3D users] h
» Method for assessing local signature mesh BRIVl \
convergence [scripts available] Tl \/\J\ \}n\/v\/

Propagation with sBOOM

» Major atmospheric variability: 2-5 dB typical, e
|0-20 dB In extreme cases. “

» With cross-wind, up to 75° off-track can hit

ground and track widths widen by 50% PLAB
COARSE

» Asymptotic convergence of nearfield signature
does not iImply same of noise
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(QUESTIONS! /

George R. Anderson | Michael J. Aftosmis | Marian Nemec

.nemec@nasa.gov

es Computational Aerosciences Branch




